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LeX/SSEA1/CD15 is an extracellular matrix-associated carbohydrate expressed by ES cells and by adult neural and bone marrow stem
cells. It is important for cell adhesion, compaction and FGF2 responses of early embryonic stem cells; however, its function at later stages is
not clear. We now show that LeX is expressed by primary mouse neural progenitor cells, including neural stem cells, neuroblasts and
glioblasts, but not by their more differentiated products. LeX distinguishes highly proliferative cells even in the primitive neuroepithelium,
demonstrating heterogeneity in cell potential before radial glia arise. At later stages, LeX expressing progenitors are frequently radial in
morphology. Surface LeX expression can be used to enrich neural stem and progenitor cells from different CNS regions throughout
development by FACS. We found that LeX expression is particularly strong in neural regions with prolonged neurogenesis, e.g., the olfactory
epithelium, hippocampus, basal forebrain and cerebellum. These regions also express high levels of the growth factors FGF8 and/or Wnt-1. We
show here that LeX-containing molecules in the developing nervous system bind Wnt-1. Our findings suggest that LeX, which is present on
the surface of principle neural progenitors and secreted into their extracellular niche, may bind and present growth factors important for their
proliferation and self-renewal.
© 2005 Elsevier Inc. All rights reserved.Keywords: Stem cells; Progenitor cells; Mouse; Cerebral cortex; LeX; Extracellular matrix; Carbohydrates; CD15; MMAIntroduction
The characteristics of embryonic neural epithelial cells
have been an important subject of debate and experimen-
tation for over 100 years. Recognition that the vast array
of neural cell types arises from a common ventricular
germinal layer naturally led to the question of how these
various cells were specified within the early progenitor
population. Classic studies dating from Vignal and Schaper
in the late 1800s, and reinforced by Sauer in 1935 and
Fujita in 1966, described early neuroepithelial progenitor
cells as a homogenous population, based on characteristics
such as cell cycle time and morphology, leading to the⁎ Corresponding author. Fax: +1 518 262 4348.
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doi:10.1016/j.ydbio.2005.12.030idea that environmental differences were paramount for
generating diverse CNS cell fates (Jacobson, 1991).
The first progenitor cells to differentiate within the
neuroepithelium and become morphologically distinguishable
are the radial glial cells. The discovery that these can express the
astrocytic protein GFAP established the idea that neuronal and
glial progenitors become distinct within the neuroepithelium
when radial glia appear (Schmechel and Rakic, 1979a).
However, more recent studies have demonstrated that radial
glia are neurogenic (Gaiano et al., 2000; Malatesta et al., 2000;
Alvarez-Buylla et al., 2001; Miyata et al., 2001; Noctor et al.,
2001; Anthony et al., 2004; Merkle et al., 2004). Moreover,
some can produce neurons and astrocytes, and it has been
suggested that some are stem cells (Gaiano et al., 2000; Alvarez-
Buylla et al., 2001). Hence, the question of when cells become
specified into neuronal and glial lineages is again under debate.
When progenitor cells from early neuroepithelia are isolated
and grown as single cells in a standardized culture environment,
they behave differently, some like multipotent highly prolific
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1989; Kilpatrick and Bartlett, 1993; Davis and Temple, 1994).
Although this suggests that these cells are intrinsically diverse,
an alternative explanation is that they are in fact homogeneous,
but simply adopt diverse fates in a stochastic manner. In order to
say unequivocally that neural progenitor populations are
different, we need to find markers that subdivide the population
and predict differences in progenitor behavior.
LeX (fucose N-acetyl lactosamine), also known as FAL,
SSEA-1 or CD15, is a carbohydrate moiety expressed by
pluripotent mouse blastocysts, ES cells, primordial germ cells
(Solter and Knowles, 1978; Fox et al., 1981; Gomperts et al.,
1994) and rare pluripotent stem cells from adult bone marrow
(Jiang et al., 2002). We have shown that LeX is expressed on the
surface of Type B stem cells and Type C transit amplifying cells
in the adult mouse subventricular zone, and is abundant in adult
hippocampus, which also produces neurons throughout life
(Capela and Temple, 2002). However, whether LeX was also
present on stem cells in the embryonic nervous system, was not
known.
LeX has been described in CNS germinal zones in the
embryonic telencephalon, hippocampus, spinal cord and in the
cerebellar external granular layer (Marani and Tetteroo, 1983;
Yamamoto et al., 1985; Dodd and Jessell, 1986; Allendoerfer et
al., 1995, 1999; Tole et al., 1995; Ashwell and Mai, 1997), but
the types of progenitor cells expressing LeX were not explored.
Interestingly, LeX is expressed by a subset of radial glial cells in
the mouse embryonic forebrain (Mai et al., 1998). Given this,
we decided to examine what progenitor cell types expressed
LeX in the embryonic CNS.
We show that LeX defines a subpopulation of progenitor
cells in the early cortical neuroepithelium prior to radial glial
cell formation. FACS selection followed by clonal culture
shows that LeX+ cells are significantly more prolific than LeX−
cells, and include stem cells. This demonstrates that early
neuroepithelial cells are diverse. At later stages when radial glia
are identifiable, many LeX-expressing cells have radial features,
both in the developing CNS and the nasal epithelium of the
PNS, and FACS selection indicates that a subpopulation of
radial glial cells are stem cells. Thus, cortical stem cells are
LeX+ throughout embryogenesis, allowing their prospective
isolation and enrichment at different stages of development.
LeX expression is most abundant in regions of the
neuroepithelium that exhibit prolonged periods of neurogenesis,
suggesting a functional role in sustaining stem and progenitor
cell growth. Free LeX is shed into the extracellular matrix
(ECM) and can bind and regulate FGF2 (Dvorak et al., 1998;
Jirmanova et al., 1999), a mitogen for neural stem cells. Many
of these high-growth regions of the nervous system also express
the potent growth factors FGF8 and Wnt-1. We show a close
association between high levels of LeX expression and FGF8
and Wnt-1 expression. Furthermore, we show that LeX-
containing molecules from the embryonic nervous system
bind Wnt-1, which has been linked with expansive neuroe-
pithelial growth (Chenn and Walsh, 2002) and stem cell
proliferation (Willert et al., 2003; Reya et al., 2003). Our data
indicate that LeX is made by principle neural progenitor cells,including stem cells, throughout development, and secreted into
their niche where it binds factors such as Wnt-1 that are known
to be critical for progenitor proliferation and self-renewal.Materials and methods
Cortical cell dissociation
Single cell suspensions of Swiss Webster mouse embryonic cortices were
obtained by papain dissociation, as described previously (Qian et al., 2000).
Cell sorting
Single cell suspensions were labeled with the anti-LeX antibody (MMA
clone, Becton Dickinson), washed, resuspended in Ca- and Mg-free PBS (CMF-
PBS) and sorted using a BD FACS Vantage with gating parameters set by side
and forward scatter to eliminate debris, dead and aggregated cells, and by green
fluorescence (530 nm) to separate positive from negative cells. The flow rate
was ∼1000 events/s for high purity and recovery.
Cell culture
Clonal analysis
Cells were plated at clonal density (b10 cells/well) in poly-L-lysine (PLL)-
coated Terasaki plates (Nunc) in basal culture medium: DMEM with glutamine,
sodium pyruvate, B-27, N2 (Life Technologies), 1 mM N-acetyl-cystein (NAC,
Sigma) and 10 ng/ml FGF2 (Life Technologies). Positions of cells were mapped
2 h after plating and updated daily for 7–10 days. At this plating density, clonal
frequency is usually 0–4 clones per well as most cells generate single neurons.
The clones are monitored daily to ensure that they do not overlap. Clones were
then fixed with 4% paraformaldehyde (PFA) and immunostained.
Neurosphere generation
Cells were plated at clonal density in uncoated dishes in basal medium
supplemented with 20 ng/ml each of EGF and FGF2 (Life Technologies).
Neurosphere number was scored on day 7.
FACS separation of LeX+ and LeX− cultured cells
E11 cortical cells were plated in basal medium containing 10 ng/ml FGF2 in
PLL-coated T75 culture flasks (Costar) at 2000 cells/ml. After 10 days, cells
were trypsinized, stained for LeX and FACS separated. LeX+ and LeX− cells
were plated at clonal density for neurosphere generation.
Subcloning of neurosphere cells
Neurospheres derived from single LeX+ cells were papain dissociated to
single cells, and replated at clonal density in the same conditions as the original
cultures. Neurosphere generation was assessed 7 days later.
Immunostaining
Acute cells and monolayers
Staining for LeX (1:20, MMA clone, BD), β-tubulin III (1:400; Sigma),
GFAP (1:400; DAKO), RC2 (1:4, Developmental Studies Hybridoma Bank,
DSHB) and NG2 (1:400, gift of Dr Joel Levine) was performed as described
previously (Capela and Temple, 2002). For acute staining, cells are dissociated
and plated as described above, and stained 2–4 h after plating.
Whole mounts
Protocol was adapted from Doetsch et al. (1999b). Mouse embryos were
fixed 4–6 h at 4°C in 4% PFA, washed 3 times in PBS, permeabilized with 100%
methanol and 100% acetone for 30 min at −20°C and washed in PBS containing
0.3% Triton X-100 (PBST). Some embryos were cut lengthwise and some in
coronal slices. The tissues were blocked 2 h in PBST plus 10% normal goat
serum (NGS) or horse serum, and incubated with anti-LeX (MMA, 1:200), anti-
SSEA-1 (1:400, ascites fluid, DSHB) or anti-FGF8b antibodies (1:100, R&D)
for 48 h at 4°C with gentle rocking. After extensive washing, staining was
Fig. 1. Distribution of the LewisX antigen in the mouse embryo. (A–D) LeX expression pattern in whole embryos at E9.5–E10; (E–L, P, Q) in whole embryos at E11.5
and (M–O, R) in cryostat sections. (A) LeX is highly expressed in the E9.5–10 CNS. Note particularly strong expression in the forebrain (white arrow), floor plate
(black arrow), isthmus (white arrowhead) and hindbrain (bracket), where it delineates rhombomeres. (B) High magnification of LeX staining in Rathke's pouch
(anterior pituitary primordium) (arrowhead), and CNS floor plate (arrow). (C, D) LeX is strongly expressed at the apical edge (ventricular lumen) of forebrain (C) and
spinal cord (D) neuroepithelium, and in radial cells (arrowhead, C). A subpopulation of skin cells is LeX+ (C, arrow). Primordial germ cells (PGCs) are LeX+ (D,
arrow). (E–L) In E11.5 embryos, LeX expression is more restricted to certain locales, including the isthmus (I), commissural plate (K), pituitary (black arrowhead, J)
and hypothalamus (white arrowhead, J) (J). Migrating PGCs are LeX+ (L). (G) In E11.5 forebrain, LeX expression is graded, being strong at caudal levels (arrowhead)
and weaker rostrally (arrow). (H) The E11.5 olfactory epithelium strongly expresses LeX (white arrows). Note sharp LeX staining in the isthmus in this slice (black
arrowhead). (M–O) Cryostat sections at E11.5: LeX staining at the apical edge of the neuroepithelium (adjacent to the ventricle) can be seen in subcellular, rounded
protuberances at the cell surface (M) and in small, variable-sized granules in an apical–basal gradient (N, cortical epithelium and O, olfactory epithelium). (P, Q) In
whole E11.5 embryos, radial LeX+ cells are clear in forebrain (P) and olfactory epithelium (Q). (R) Section of E18 cerebral cortex reveals LeX+ radial cells (example
indicated with white arrow); note intense pial glial staining, seen also in adult (Capela and Temple, 2002). (C, G) Top is anterior; (H) left is anterior; (C) slice is ventral
side down; (G, H) slices are ventral side up. Scale bars: (A, G, H) 500 μm; (B, C, D) 200 μm; (E, F) 1 mm; (I–L) 400 μm; (M) 25 μm; (N) 100 μm; (O) 10 μm; (P–R)
100 μm.
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Jackson Immunoresearch Labs), and DAB substrate.
Cryostat sections
Embryos were fixed 4–12 h at 4°C in ice cold 4% PFA, cryoprotected
in 30% sucrose and embedded in OCT (Sakura). Sections were rinsed inPBST (with 0.1% Triton X-100), blocked 2 h in PBST plus 10% NGS and
incubated with anti-LeX (1:200, overnight at RT) and Pax2 (1:200,
overnight at 4°C, Zymed Labs). Staining was revealed using biotinylated
secondary antibodies and DAB (Vector) or streptavidin-Alexa 488
(Molecular Probes) for LeX and Alexa 546-conjugated anti-rabbit secondary
for Pax2.
Table 1
Antigenic characterization of unsorted and sorted cortical cell populations
Unsorted LeX+ LeX−
E10.5 E14 E18 E10.5 E14 E18 E10.5 E14 E18
MMA 53.5 ± 5.7 37.3 ± 2.7 13.1 ± 0.9 99.2 ± 0.3 92.5 ± 3.3 97.4 ± 0.5 0.1 ± 0.1 0 0.4 ± 0.1
β-Tub 17.3 ± 1.9 49.7 ± 5.1 79.5 ± 0.3 1.2 ± 0.4 9.1 ± 1.7 6.3 ± 0.7 34.9 ± 2.2 96.5 ± 1.3 98.1 ± 0.1
RC2 73.1 ± 3.3 27.0 ± 6.4 8.7 ± 0.4 93.2 ± 0.6 67.2 ± 7.2 57.8 ± 1.7 62.5 ± 3.9 7.9 ± 1.3 0.1 ± 0.1
Nestin 93.5 ± 1.3 54.3 ± 0.4 18.8 ± 3.4 99.2 ± 0.5 98.2 ± 0.4 92.9 ± 3.9 82.2 ± 3.3 20.5 ± 1.3 3.5 ± 0.7
Antigenic characterization of LeX+ and LeX− cortical cells. Single cortical cells were FACS sorted using LeX, then stained for other markers (both LeX and RC2 are
IgM monoclonals, but are distinguishable in isolated cells because LeX localizes to the cell surface while RC2 is intracellular, allowing double labeling). Results:
mean ± SEM.
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In situ hybridization was performed as described by Henrique et al. (1997)
using 14 μm E11.5 mouse embryo sections. FGF8b and Wnt-1 plasmids were
linearized and digoxigenin (DIG)-labeled RNA probes were synthesized using
Roche reagents. Sections were incubated overnight at 65°C with 0.5 μg/ml DIG-
labeled probe in hybridization buffer, then anti-DIG-alkaline phosphatase
antibodies (1:2000, 4 h at RT) and fast red substrate (both from Roche). After
washing in DPBST, sections were blocked and stained with anti-LeX antibody
using streptavidin-Alexa 488 (Molecular Probes).
Coimmunoprecipitation
E14–E16 mouse embryonic brains were homogenized in coimmunopreci-
pitation buffer (co-IPB: 10 mM Tris–HCl, pH 7.4, 50 mM NaCl, 1% IGEPAL,
10% glycerol), with Complete Mini protease inhibitor cocktail (Roche). The
lysate was centrifuged at 14,000 × g for 10 min at 4°C and the supernatant
cleared by sequential incubations with mouse IgG and agarose coupled to goat
anti-mouse IgM (Sigma) (for coimmunoprecipitation (co-IP) with LeX) or
protein G coupled resin (Amersham Pharmacia) (for co-IP with Wnt-1). Cleared
extracts were incubated 6 h at 4°C with 1 μg of anti-LeX (MMA, BD) or with 2
μg anti-Wnt-1 (Upstate Biotechnologies). Anti-CD24 (Pharmingen) and anti-
GFAP (Sigma) antibodies were used as co-IP controls (proteins that do not bind
wnt-1 or LeX), for non-specific binding of Wnt-1 or LeX to proteins or
antibodies in the extraction mixture. Extracts were then incubated for 2 h with
anti-IgM-coated agarose beads or protein G coupled resin. The beads were
washed 3 times with cold co-IPB, resuspended in SDS loading buffer, boiled 5
min, centrifuged and the supernatant run on a 15% polyacrylamide gel. Proteins
were transferred to PVDF membranes (Millipore), blocked overnight at 4°C
with 5% non-fat dry milk in Tris buffered saline and incubated with anti-LeX
(1:200, 5 h at RT), 4 μg/ml anti-Wnt-1, 0.5–1 μg/ml anti-FGF8b (R&D and
Santa Cruz Biotechnologies) and anti-FGF2 (1:2000, Sigma) to probe for
coimmunoprecipitated material. Bands were visualized with peroxidase-
conjugated secondary antibodies (1:4,000, Jackson Immunoresearch Labs)
and detected using ECL reagent (Amersham Pharmacia).Results
LeX is abundant in high growth regions of the developing
nervous system
To gain an overview of LeX distribution, whole embryos
were stained with the anti-CD15 antibody produced by the
hybridoma clone MMA, which recognizes the LeX epitope. The
staining pattern was confirmed using a different antibody (anti-
SSEA-1) to LeX. This low-power analysis revealed the pattern
of most abundant LeX staining. At E9.5–10, there is strong
staining throughout the CNS (Fig. 1A), with some prominent
areas: the floor plate, isthmus (mid/hindbrain boundary, MHB)
and hindbrain (Figs. 1A, B), where LeX delineates rhombo-meres. LeX was highly expressed in the nasal epithelium and in
another placodal tissue – the otic pits – but not the lens placode
(not shown). The pituitary primordium has strong LeX
expression in its anterior, oral ectoderm component (Rathke's
pouch) but weaker in its posterior, diencephalic component (the
infundibulum) (Fig. 1B). Staining of horizontally sliced
embryos revealed strong LeX expression at the lumen (apical)
border of the neuroepithelium, e.g., forebrain (Fig. 1C) and
spinal cord (Fig. 1D).
At this early age, LeX was also found outside the nervous
system. As previously reported (Gomperts et al., 1994),
primordial germ cells (PGCs) en route to the genital ridges
prominently express LeX (Fig. 1D). In addition, LeX is present
in many cells in the skin (Fig. 1C).
At E11.5, LeX expression in the CNS is more restricted,
with strong staining in regions that show prolonged growth
and neurogenesis, including the hippocampal primordium, the
isthmus from which the cerebellum arises (Figs. 1E–K) and
the striatal primordium. A gradient of LeX expression,
stronger caudally, is now seen in the telencephalon (Figs.
1E, G). High power reveals that LeX staining was strong on
the apical surface of the neuroepithelium, and was often found
in small, subcellular protuberances with rounded profiles
(Figs. 1M, N). Interestingly, LeX staining was observed in
granules of various sizes, with a gradient declining from
apical–basal, as seen in cryostat sections of E11.5 cortical
(Fig. 1N) and nasal epithelium (Fig. 1O). As at the earlier
stage, the pituitary and the olfactory epithelium express high
levels of LeX (Figs. 1H, J). Migrating LeX+ PGCs are also
evident at this age (Fig. 1L).
Thus, LeX is abundant and widespread in the very early
nervous system, and quickly becomes concentrated in regions
with high growth potential and/or prolonged neurogenesis.
LeX+ neural progenitor cells have a radial morphology in vivo
LeX has been reported in a subset of forebrain radial glia
(Mai et al., 1998). Inspection of whole embryos and
horizontally sliced embryos reveals a radial phenotype for
LeX+ cells in many locations, including forebrain, olfactory
epithelium and isthmus (Figs. 1C, P, Q). At E14 when radial glia
are prominent in cortex, 27% of acutely dissociated cortical
cells are positive for RC2, which labels radial glia at this stage,
and there is substantial overlap between RC2 and LeX: 85% of
RC2+ cells are LeX+ and 67% of LeX+ cells are RC2+(Table 1).
Fig. 2. Embryonic cortical stem cells are LeX+. (A) E10.5 cortical cells were
acutely stained with LeX-FITC and FACS sorted. (B, C) Sorted samples were
highly pure (N 95%), determined by acute staining for LeX. (D, F) LeX+ cells
generate adherent stem cell clones (D) and neurospheres (F). (E, G) LeX− cells
have limited proliferative potential and generate negligible numbers of stem
cells clones (E) or neurospheres (G) but mainly neurons in adherent conditions
(insert in panel E). (H) Graph of the percentage of LeX+ and LeX− E10.5 cortical
cells that generate stem cell clones assayed by plating either onto an adherent
substrate or in suspension to give neurospheres. The LeX+ subpopulation
contains the majority of the stem cells. Results expressed as mean ± SEM. Scale
bars: (B, C) 25 μm; (D–G) 100 μm.
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between radial glia and astrocytes (Fig. 1R); such transitional
forms, also seen with anti-GFAP, have been used as evidence
that radial glia transform into astrocytes (Schmechel and Rakic,
1979a; Voigt, 1989). In neonates and adults, LeX staining is
observed in the radial Bergman glia (not shown; Bartsch and
Mai, 1991). Thus, LeX is expressed on radial cells, a
characteristic morphology of early neuroepithelial progenitor
cells.
LeX expression identifies stem cells and highly prolific
progenitor cells
To test whether LeX expression is related to the develop-
mental potential of neural progenitor cells, we analyzed LeX+
and LeX− sorted cells derived from embryonic mouse cerebral
cortex, a progenitor population that has been extensively
characterized. At E10, the cerebral cortex is composed largely
of proliferating progenitor cells, which, when cultured individ-
ually under standardized conditions, generate different types of
clones (Davis and Temple, 1994; Kilpatrick and Bartlett, 1993):
10–20% are multipotent stem cells, 15–20% are restricted
neuroblasts that produce solely neurons, and the remainder
generate single neurons. However, it has never been established
whether this behavioral heterogeneity reflects true heterogene-
ity, or is a result of stochastic adoption of different possible cell
fates.
Progenitor markers such as Nestin and RC2 label most
cells in the early cortex (93% of acutely isolated E10.5 mouse
cortical cells are Nestin+ and 73% RC2+), and so do not
substantially subdivide the population. Hence, we were
interested to find that only approximately half of the acutely
isolated E10.5 cortical cells were LeX+ (Table 1). As
expected, most LeX+ cells also express other progenitor
markers (at E10.5, 99% LeX+ cells are Nestin+ and 93% are
RC2+, Table 1). The LeX− population contains most of the
few extant neurons present at E10.5, as well as a high
percentage of progenitor cells (82% are Nestin+ and 62% are
RC2+). Hence, at E10.5, two progenitor subpopulations are
defined by LeX expression (Table 1). These populations were
FACS separated and their fates assessed by clonal analysis.
Single cells were plated at clonal density, mapped 2 h later to
record their number and location, then followed daily as
clones developed. At 7–10 days, clones were fixed and
stained with cell-type specific markers.
There is a significant association between LeX expression
and the proliferative state of E10.5 cortical progenitor cells.
However, LeX expression did not appear to change with the
cell cycle (not shown), indicating that it reflects proliferative
potential rather than cell cycle stage. Most cells that did not
divide at all in vitro were LeX−. Almost all LeX− cells
produced neurons, showing that LeX−RC2+ and LeX−Nestin+
progenitors are committed to the neuronal lineage at this
stage.
The vast majority (over 90%) of stem cell clones (recognized
by growth characteristics, production of both neuronal and glial
lineages and previous progenitor characterization studies; Davisand Temple, 1994; Qian et al., 1998, 2000) were found in the
LeX+ fraction. At E10.5, only 1.6% of LeX− cells generate stem
Table 2
Frequency of clone types and neurospheres generated from sorted cortical cells
LeX+ LeX−
E10.5 E14 E18 E10.5 E14 E18
Stem clones 16.3 ± 1.0 11.6 ± 3.6 0.88 ± 0.4 1.6 ± 1.1 0 0
Single neurons 13.9 ± 2.9 30.2 ± 1.4 63.5 ± 1.8 71.6 ± 3.2 99.6 ± 0.4 100
Neuroblast 68.6 ± 3.1 19.2 ± 2.4 6.5 ± 1.1 26.6 ± 2.7 0.3 ± 0.3 0
Glioblast 1.2 ± 0.5 39.9 ± 2.5 27.0 ± 1.6 0 0 0
Neurospheres 24.8 ± 1.0 11.4 ± 0.7 35.6 ± 1.5 4.11 ± 0.5 0.2 ± 0.1 2.6 ± 0.3
Developmental potential of sorted LeX+ and LeX− cortical subpopulations. Sorted cells were cultured as adherent clones or in suspension for neurosphere generation.
Adherent clone development was followed for 7–10 days and final clone composition determined by immunostaining. Neurosphere number was scored at 7 days.
Results: mean ± SEM.
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Table 2). Similarly, only 4% of E10.5 LeX− cells generate
neurospheres compared to 25% of the LeX+ cells (Fig. 2; Table
2). In addition, LeX+ neuroblasts were significantly more
proliferative than LeX− neuroblasts: clones containing more
than 12 neurons were twice as abundant in the LeX+ compared
to the LeX− population. Importantly, a similar association
between LeX expression and highly proliferative behavior is
seen in other CNS regions. For example, in diencephalon and in
isthmus, the majority of stem cells were found in the LeX+
fraction (Fig. 3).
LeX+ neural stem cells self-renew and maintain LeX expression
Stem cells continued to express LeX throughout clonal
development. At 1–2 days after plating, LeX was seen on 10%
of the cells, most of which (over 90%) were Nestin+ progenitor
cells. It was seen negligibly (less than 0.2%) on differentiated
neurons (Fig. 4A). After 7–10 days in vitro, clones still containedFig. 3. LeX+ cells in the isthmus and diencephalon include stem cells. (A, B)
Isthmus clone at 7DIV (phase image in panel A) containing neurons (green) and
more LeX+ progenitor cells (red). (C) FACS sorted LeX+ diencephalon and
isthmus-derived cells generate 2–4-fold more neurospheres than LeX− cells.
Results expressed as mean ± SEM.many progenitor cells, 45% of total cells expressing the progenitor
marker NG2, 65% the progenitor marker RC2 and by 10 days 24%
of the total cells expressed GFAP (Table 3), a marker of late neural
stem cells (Doetsch et al., 1999a) aswell as astrocytes. LeX showed
substantial overlapwith these progenitormarkers: at 7 days, 73%of
LeX+ cells were alsoNG2+, at 10 days of clonal development, 67%
ofLeX+ cellswereRC2+ and 54%wereGFAP+ (Table 3, Fig. 4). In
contrast, less than 1% of the LeX+ cells present were differentiated
neurons. To examine whether the late-born LeX+ cells in clones
included cells that behaved like stem cells, 10-day-old clones were
detached from culture plates using trypsin to give a single cell
suspension, stained for LeX and FACS sorted. 22% of the LeX+
cells derived from 10-day clones generated neurospheres, while
only 2% of the LeX− cells did so (6% if only non-neuronal LeX−
cells are considered—given that neuronal progeny are postmitotic)
(Fig. 5).
Consistent with this in vitro evidence that stem cells continue
to express LeX over time as they develop, most stem cells –
assayed by adherent clone or neurosphere formation – are
included in the prospectively isolated, LeX+ population
throughout embryonic development (Table 2). The frequency
of LeX+ cells declines dramatically during cortical development
(Table 1) mirroring the decline in stem cell frequency.
Interestingly, at E18 only 1% of LeX+ cells generate adherent,
neuron/glial containing stem cell clones, while 35% produce
neurospheres (Table 2). However, most of these neurospheres
do not generate neurons when differentiated in culture (our
unpublished observations), consistent with previous evidence
that stem cells become increasingly gliogenic during embryonic
development (Qian et al., 2000).
Just as we found that the early embryonic neuroblasts that
gave large clones were LeX+, but that later neuroblasts and
differentiated neurons had much less LeX expression, we
found that the first glioblasts that arise during the late
embryonic period are frequently LeX+, but that later glioblasts
and glia are largely LeX− . Thus, the incidence of LeX staining
in acutely isolated cortical cells declined to around 3% at birth,
and of the NG2+ progenitor cells present at P0, only 3% are
LeX+. Similarly, of the GFAP+ cells present at P0, less than 1%
are LeX+. Thus, similar to neuronal lineage cells, glial lineage
cells appear to lose LeX as they mature. This is consistent with
the lack in overlap between LeX and the oligodendrocyte
lineage marker O4 seen at later stages of clonal development
(Fig. 4).
Fig. 4. LeX expression in developing clones of early (E10.5) cortical cells. (A) A clone of 10 cells at 2 DIV contains actively proliferating LeX+ cells (red) and
immature LeX−/β-tub+ neurons (green). Note that when LeX+ cells migrate on the tissue culture dish, they leave a trail of shed LeX+ material, visible in this image. (B–
E) At later stages in clone development (7–10 DIV), stem cell clones contain LeX+ progenitors and NG2+ progenitors, and many cells that coexpress both markers.
Panel B is a phase image of the field shown with corresponding fluorescent labeling for NG2, LeX and merged in panel E. (F) At 8 DIV in these clones, as shown here,
most O4+ cells are LeX−, showing that once cells differentiate down the oligodendrocyte lineage they reduce LeX expression. (G) At 15 DIV, E10–11 cortical clones
contain many cells that are both LeX+ and GFAP+, showing longer retention of LeX on astrocyte lineage cells. Size bar: (A, F, G) 20 μm; (B–E) 30 μm.
Table 3
Antigenic characterization of unsorted and sorted E10–E11 cortical cells after
10 days in culture
Unsorted LeX+ LeX−
LeX 47.9 ± 3.4 95.8 ± 1.2 1.9 ± 0.5
β-Tub 7.9 ± 1.0 0.5 ± 0.3 63.5 ± 3.8
RC2 63.1 ± 2.3 67.5 ± 4.1 10.9 ± 2.5
GFAP 24.4 ± 1.6 54.0 ± 5.9 0.3 ± 0.2
306 A. Capela, S. Temple / Developmental Biology 291 (2006) 300–313Regions of high LeX expression express FGF8 and Wnt-1
Interestingly, the pattern of LeX staining in whole mounts is
similar to that reported for FGF8 and Wnt-1 genes, which are
expressed (together or separately) in the forebrain midline,
isthmus, pituitary, nasal epithelium and oral ectoderm and are
involved in growth and patterning of these tissues (McMahon et
al., 1992; Crossley and Martin, 1995; Neubuser et al., 1997; Lee
et al., 1997). Hence, we examined the relationship of LeX
staining to the expression of these two secreted growth factors
in more detail.
Whole embryo and section staining for FGF8 mRNA and
protein are shown in Fig. 6. There is a remarkable similarity
between FGF8 and LeX staining, for example compare Figs. 1E
and 6C (the negative control is shown in Fig. 1F.) The only
significant difference between FGF8 and LeX expression is
seen in the limb where FGF8 mRNA is obvious at the tip, but
LeX is absent (Figs. 6A, D). In the isthmus, where Wnt-1 and
FGF8 play key developmental roles, LeX spans both the
mesencephalic Wnt-1 and the more caudal FGF8 domain (Figs.
6K, L), similar to Pax2 expression (Ye et al., 2001; Fig. 6M).We noted an association of LeX expression in other
embryonic areas where FGF8 induction occurs. The posterior
(infundibular) pituitary secretes FGF8 that in combination with
BMPs released from the ventral juxtapituitary mesenchyme,
coordinate the patterning of the anterior pituitary (Ericson et al.,
1998). At E11.5, FGF8 mRNA is seen in the posterior pituitary
(Fig. 6H, Crossley andMartin, 1995), while, interestingly, FGF8
protein localizes exclusively to the anterior pituitary (Fig. 6C), as
does LeX (Fig. 6H). FGF8 is a potent mitogenwithin the anterior
pituitary (Ericson et al., 1998; Treier et al., 1998). Given that free
LeX is known to bind FGFs, one possibility is that LeX binds
and concentrates FGF8 protein at the anterior pituitary target.
Fig. 5. Stem cells retain LeX as they self-renew during clonal development.
(A, B) E10–E11 cortical cells growing as a monolayer for 10 DIV (A, phase)
were stained for LeX (B). (C) E11 clones illustrated in panels A and B were
removed with trypsin, stained with LeX-FITC and sorted into LeX+ and LeX−
subpopulations. (D) LeX− and (E) LeX+ subpopulations were highly pure. (F)
The potential to form neurospheres segregates with the LeX marker. The
percentage of total plated cells that make neurospheres is shown. Results are
expressed as mean ± SEM. Size bar: 50 μm.
307A. Capela, S. Temple / Developmental Biology 291 (2006) 300–313FGF8/BMP signaling is also involved in inducing the
olfactory placode. At E10.5, FGF8 expression is localized in
the surface ectoderm surrounding the nasal pits and later to the
external ridge of the olfactory epithelium (Fig. 6D). LeX
expression extends throughout the olfactory epithelium, and is
exceptionally strong apically (Fig. 6D, insert). Finally, FGF8
expression in the mandibular and maxillar prominences
(prospective dental ectoderm) provides an inductive signal for
odontogenesis (Crossley andMartin, 1995). LeX is expressed in
the same region of the dental ectoderm as FGF8 (Figs. 6E, F).
Taken together, these data indicate that LeX expression
closely matches that of FGF8 both temporally and regionally,
suggesting a link between these two molecules. However, after
conducting a co-IP experiment using LeX antibodies, we were
unable to identify FGF8 in the immunoprecipitated material or
in the embryonic extracts using two different antibodies. Both
antibodies recognized pure FGF8 run in parallel lanes (not
shown), but the amount of FGF8 present in the protein extracts
may be too low to be detected. FGF2 was detected in the protein
extract but not in the immunoprecipitated material, suggesting
either that the binding of FGF2 by LeX containing molecules is
very labile or that it is below the detection level for this
technique.
LeX-containing carbohydrates in the embryonic CNS bind Wnt
Free LeX is known to bind FGF2 (Dvorak et al., 1998;
Jirmanova et al., 1999). However, a relationship between LeX
containing molecules and Wnts has not been previously
described. The possibility that LeX may bind Wnts is
particularly intriguing given the presence of LeX in proteogly-
cans (Tole et al., 1995; Allendoerfer et al., 1995, 1999) and the
fact that Drosophila Wg is dependent on proteoglycans for
function (Binari et al., 1997; Lin and Perrimon, 1999; Tsuda et
al., 1999; Baeg et al., 2001; Greco et al., 2001). We therefore
examined whether an in vivo association between LeX
containing molecules and Wnt-1 exists.
Embryonic CNS extracts were generated and LeX-associated
proteins were immunoprecipitated using the anti-LeX MMA
antibody. The proteins coimmunoprecipitated contained LeX
carriers of the expected size (not shown) and Wnt-1, as shown
by immunoblotting with anti-Wnt-1 antibodies (Fig. 7, lanes 2–
5). When anti-CD24, an IgM antibody that recognizes a surface
antigen not related to LeX, was used to immunoprecipitate, the
Wnt-1 band was not observed, confirming a specific association
between LeX containing proteins and Wnt-1. The inverse
co-IP experiment (using Wnt-1 antibody) yielded bands of
the expected size for LeX carrier proteins (Fig. 7B).
These data demonstrate an association between wnt-1 and
LeX in vivo.
Discussion
The mechanisms whereby neural stem cells are specified
and maintained during development and growth of the
nervous system are a topic of intense interest, given that
these progenitors may be a useful source of new cells for
Fig. 6. Embryonic regions strongly expressing LeX also express FGF8 and Wnt-1. (A–C) Whole mount in situ hybridization for FGF8 mRNA (A, B) and
immunohistochemistry for FGF8 protein (C) reveal labeling in the same embryonic regions as LeX (compare with Fig. 1). High Fgf8 expression is seen in the olfactory
epithelium (A, arrow) and mandible (A, arrowhead) and in the isthmus (B, arrowhead) and commissural plate (B, white arrow). (C) Expression of FGF8 protein in the
isthmus (white arrowhead) and in the anterior pituitary (black arrowhead). Insert shows higher magnification of boxed area highlighting FGF8 expression in the
anterior pituitary. (D) FGF8 (red) is expressed in the olfactory epithelium but confined to the external ridge. LeX (green in all panels) is expressed throughout the
epithelium and is especially abundant apically at the lumen border (insert). The limb tip (arrow) has FGF8 expression but is LeX−. (E–G, I, J) FGF8 and LeX are
expressed in the prospective dental ectoderm (E, high magnification in F) and in the forebrain midline (E and I, high magnification in G and J). (H) In the pituitary
primordium, LeX is expressed in the anterior pituitary (arrowhead—Ant) while FGF8mRNA is expressed in the posterior pituitary (arrowhead—Post). (K–M) FGF8
expression in the isthmus partially overlaps with that of LeX. LeX expression extends rostrally (arrows). Insert: high magnification of boxed area, highlighting the
strong apical LeX expression. (L) The domain of LeX expression rostral to FGF8 expression overlaps withWnt-1 (red). (M) Pax-2 (red) staining encompasses FGF8
and Wnt-1 expression domains, similar to LeX staining. Size bars: (A–C) 500 μm; (D–M) 100 μm.
308 A. Capela, S. Temple / Developmental Biology 291 (2006) 300–313neural tissue repair. Here, we show that the membrane and
extracellular matrix-associated carbohydrate LeX is expressed
by primary progenitor cells, including neural stem cells,
throughout development, and that it is most abundant in high
growth areas of the nervous system. Given that LeX is
secreted and ECM-associated, it may be an important factor in
the neural stem cell niche, binding factors such as Wnt-1 that
are important for stem cell growth.LeX reveals heterogeneity of early CNS progenitor populations
It has been debated for decades whether the earliest neural
progenitor cells are a homogeneous population, or are
intrinsically diverse. A direct demonstration of heterogeneity
would be to identify molecular distinctions between progenitor
cells that predict their subsequent behavior. Known progenitor
markers label most early neuroepithelial cells uniformly: e.g.,
Fig. 7. Co-IP of Wnt-1 and LeX. (A) Co-IP of Wnt-1 using the anti-LeX
antibody. Total brain protein was isolated from E15–E16 mouse embryos and
immunoprecipitated with anti-LeX or with mCD24 (an IgM expressed in
brain but not in LeX+ cells) as negative control. The blots were probed with
MMA to confirm precipitation of LeX+ material and with Wnt-1 antibody to
test for coimmunoprecipitated proteins. Lane 1: Negative control: co-IP using
mCD24—shows no immunoreactivity with Wnt-1 protein. Lanes 2–5: Protein
concentration: 15 mg; 10 mg; 5 mg; 2 mg, respectively. Lanes 2, 3 and 4
show Wnt-1 immunoreactive material of the expected size (arrow), which
decreases in intensity with protein concentration in the input extract,
becoming undetectable at 2 mg protein (lane 5). (B) Co-IP of LeX using
the anti Wnt-1 antibody. Total brain protein was isolated from E15–E16
mouse embryos and immunoprecipitated with anti-Wnt1 or with GFAP as
negative control. Lanes 1–3: Protein concentration: 2 mg; 5 mg; 10 mg;
respectively. Lanes show LeX immunoreactive material of the expected size,
which increases in intensity with protein concentration in the input extract.
Lane 4: Negative control: co-IP using GFAP—shows no LeX immunoreac-
tivity. Lane 5: 200 μg total extract run demonstrating the presence of LeX
immunoreactivity in the input protein extract.
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we show that at this stage only half the cells have detectable
LeX, and that these generate the largest clones and all the glial
progeny. Hence, the presence of LeX defines two subpopula-
tions of early CNS progenitor cells, and we show that these two
populations exhibit differences in developmental potential.
There are two interpretations of these data: one that LeX+ cells
are intrinsically different from LeX cells, the other that LeX
present in the environment becomes preferentially attached to
cell surfaces during dissociation, and this produces a difference
in their ability to respond to growth factors. We recently found
that LeX+ enriched cells from different stages of forebrain
development were enriched in genes expressed in progenitor
cells, demonstrating that LeX+ cells are indeed phenotypically
distinct (Abramova et al., 2005), supporting the former
interpretation. This argues against classic studies indicating
progenitor homogeneity at this stage, and supports the idea that
there is an early separation of neuronal and glial potential even
before radial glial emergence, as first suggested by His in 1887.
Whether the neuroepithelium is homogeneous at an even earlier
stage, e.g., prior to neural tube closure, is still an open question:
indeed, the expression of LeX in vivo at E9.5 is much more
widespread and uniform than at E11.
Selection of prolific cells using LeX
We show here that LeX is expressed on the surface of stem
cells throughout embryonic development, and expression is
maintained as they self-renew in vivo and in vitro. LeX is not an
exclusive marker for stem cells at any stage, as it is clearlypresent on adult Type C cells (Capela and Temple, 2002) and on
early neuroblasts and glioblasts, as described in this study. Thus,
LeX selection allows stem cell enrichment because it excludes
many differentiated progeny and late stage progenitor cells that
are close to differentiation, but not purification. Embryonic
neural stem cells have also been enriched from transgenic mice
expressing green fluorescent protein (GFP) under a Nestin
enhancer; however, only 3.4% of the selected GFPhigh cells are
multipotent stem cells, probably reflecting the ubiquity of
Nestin among progenitor populations (Kawaguchi et al., 2001).
A similar percentage is obtained using an adenovirus expressing
GFP under the nestin enhancer or the musashi promoter
(Keyoung et al., 2001). LeX selection is a better means of stem
cell enrichment, but it is still not an exclusive marker of stem
cells: only 16–25% of FACS sorted LeX+ E10.5 cortical cells
produce stem cell clones. Note that LeX selection at E10.5,
when it labels half the cells, does not increase the incidence of
stem cell clones much, probably because the enrichment gained
is offset by the stress of FACS sorting that impairs stem cell
growth. However, LeX enrichment is worthwhile at later
embryonic stages when differentiated cells are much more
abundant.
Because more prolific progenitors have stronger LeX
staining, neural stem cells might be further purified by
fluorescence intensity, and we found that, at E18, a LeXhigh
subpopulation generates twice as many stem clones as a LeXlow
subpopulation (data not shown). Use of two different antigens,
as with human embryonic CNS and mouse neural crest stem
cells (Uchida et al., 2000, Morrison et al., 1999), and negative
selection criteria (Maric et al., 2003) might also aid their
purification.
LeX labels highly prolific cells in other CNS regions,
including diencephalon and isthmus, and may be generally
useful for enriching principal progenitor cells from different
regions of the neuroepithelium.
LeX expression on radial glia
Previous studies described LeX on subsets of radial glia in
the embryonic forebrain (Mai et al., 1998). In this study, we
confirm that finding and show that LeX labels radial cells in
many CNS areas. Despite much circumstantial evidence to
support the notion, there have been no direct demonstrations
that normal, embryonic radial glia include self-renewing stem
cells. Selection of LeX+ cells by FACS allowed prospective
isolation of normal radial glial cells, and the LeX+ cells
encompassed the vast majority of stem cells detectable in the
embryonic cortex. Hence, we conclude that a subpopulation of
radial glia has properties of stem cells, such as neurosphere
generation, although non-radial LeX+ stem cells may also be
present. Some radial glia are LeX−, as seen here and in a
previous study (Mai et al., 1998). Perhaps this heterogeneity
reflects their proliferative state: a population of non-dividing
radial glia arises late in development (Schmechel and Rakic,
1979b). Consequently, radial glia are likely to be a heteroge-
neous population of cells that have different proliferative and
developmental potentials (Fig. 8).
Fig. 8. Summary describing LeX expression in forebrain stem cell lineages. In
the embryonic cortex, LeX is expressed on stem cells and their immediate
progeny the primary neuroblasts and glioblasts, but is lost on most late stage
restricted progenitor cells and mature progeny. LeX is retained on early GFAP+
cells, strengthening the link between the astrocytic and stem cell lineages.
Similarly, in the adult SVZ, LeX appears to be expressed on stem cells (Type B
cells) and their immediate progeny, the transit amplifying Type C neuroblasts,
but not on the later generated Type A neuroblasts (Capela and Temple, 2002).
310 A. Capela, S. Temple / Developmental Biology 291 (2006) 300–313Cortical radial glia express Pax6 (Gotz et al., 1998), which is
important for their normal morphology, proliferation and
neurogenesis (Heins et al., 2002). Interestingly, LeX expression
is reduced in the Pax6 mutant due to down-regulation of the
LeX-synthesizing enzyme FucT-IX (Shimoda et al., 2002).
Hence, Pax6 may function in part via maintenance of LeX on
radial glia.
Radial LeX+ cells are prominent in other CNS areas and in
the nasal epithelium, which contains stem cells that generate
neurons throughout life. In the embryo, the proliferative layer of
the nasal epithelium is apical and it moves basally during late
embryogenesis, but the nasal stem cell identity is unknown. It
would be worthwhile to examine whether the LeX+ radial cell
population in the embryonic nasal epithelium includes embry-
onic olfactory stem cells. In the adult, the basal layer is thought
to contain the stem cells, with candidates being horizontal cells
and globose cells (MacKay-Sim and Kittel, 1991; Caggiano et
al., 1994); LeX expression may help elucidate their identity.
LeX and FGF signaling
LeX is present on cell surfaces and in the ECM. Some
proteoglycan components of ECM, notably heparan sulfate
proteoglycans (HSPGs), can bind growth factors, modulating
their concentration and availability to surrounding cells
(Schlessinger et al., 1995). Free LeX stimulates FGF2
mitogenicity for ES cells at low concentrations while inhibiting
it at high concentrations (Jirmanova et al., 1999). LeX is
prominent on the apical surface of the neuroectoderm, whereFGF2, a neural stem and progenitor mitogen, is localized
(Raballo et al., 2000). LeX may bind FGF2 on this surface of
the neuroepithelium, where M-phase occurs, thus regulating
exposure to mitogen at a critical point in the cell cycle. We could
not detect FGF-2 after co-IP with antibodies to LeX; however, a
negative result does not preclude such an interaction, e.g., if it is
labile or if FGF2 is in low abundance.
Unlike FGF2, FGF8 does not appear mitogenic for forebrain
neural stem cells (Capela and Temple, unpublished observa-
tions). However, the fact that FGF8 promotes astrocyte
production from cortical progenitor cells (Hajihosseini and
Dickson, 1999) indicates that it acts on stem cells, which are the
sole source of astrocytes in these cultures. It has been shown
that FGF8 can have a potent inductive role, activating
developmental programs in responsive tissue: e.g., application
of FGF8 to mesencephalon can duplicate this region (Crossley
et al., 1996). The discrete location of FGF8 in the developing
nervous system reflects this role, and the coincidence of
abundant LeX expression in these regions suggests a close
functional relationship. For example, LeX may bind and target
FGF8. This possibility is illustrated in the developing pituitary,
where FGF8 mRNA is expressed in the posterior lobe, while
FGF8 protein is localized to the anterior lobe where LeX is
expressed. Again, we were unable to demonstrate binding of
FGF8 to LeX containing molecules by co-IP, but as FGF8
could not be detected in the total brain protein extract, its low
abundance in the input material renders its identification by
co-IP unlikely.
LeX and Wnt signaling
Wnt signaling is important for hemopoietic stem cell growth
(Reya et al., 2003; Willert et al., 2003), adding to findings that
Wnts are important in stem cell lineage selection in a number of
systems, including skin, gut, neural crest and ES cells. Here, we
show that immunoprecipitation of LeX-containing molecules
from the embryonic CNS brings down Wnt-1, indicating an
association in vivo. Moreover, LeX+ cells are enriched in Wnt
signaling components (Abramova et al., 2005). In Drosophila,
Wg function depends on binding to ECM and cell surfaces via
association with HSPGs (Reichsman et al., 1996). Flies
deficient in HSPG synthesis have phenotypes similar to that
of wg mutants. Injection of heparinases into Drosophila wild-
type embryos can mimic the wg phenotype while injection of
heparan sulfate leads to a phenotype similar to Wg over-
expression (Binari et al., 1997). By analogy, it is possible that
LeX-containing ECM components play a regulatory role in Wnt
function in vertebrate neuroepithelia.
In Drosophila, graded Wg distribution in the wing imaginal
disc epithelium may arise by its distribution in argosomes,
vesicles that include a portion of ECM containing HSPGs and
associated Wg (Greco et al., 2001). In vertebrate neuroepithe-
lia, LeX is most abundant at the apical surface and is present
in small granules of various sizes with the highest concentra-
tion near the apical surface, similar to the graded distribution
of Wg in argosomes in the fly (Fig. 1). We speculate that these
granules might be particles or vesicles containing LeX-
311A. Capela, S. Temple / Developmental Biology 291 (2006) 300–313associated proteoglycans with associated growth factors such
as Wnt-1, aiding distribution of these factors within vertebrate
neuroepithelia.
LeX in CNS regional boundaries
We find that LeX delineates rhombomeres and is prominent
at the isthmus and other CNS regional boundaries, consistent
with the report that LeX is expressed by radial cells subdividing
prosomeres (Mai et al., 1998).
Given the extensive understanding of the isthmus develop-
ment, we might best elucidate LeX function there. The isthmic
organizer arises at the interface between mesencephalic Otx2
and metencephalic Gbx2 expression domains, and FGF8, Wnt1,
Pax2, Pax5, En1 and En2 are important components of the
organizer activity (reviewed in Rhinn and Brand, 2001). Pax2 is
the first gene to be expressed in the presumptive MHB (Rowitch
and McMahon, 1995). While Pax2 null mutants have no
obvious MHB alteration, double Pax2/Pax5 mutants lack the
isthmic organizer (Schwarz et al., 1997).
Formation of the isthmus involves genetic feedback
programs that refine the expression pattern of crucial genes.
FGF8 and Wnt-1 are initially expressed in a broad region in the
MHB but become restricted to sharp concentric rings
immediately next to each other, Wnt-1 being rostral to FGF8.
Interestingly, LeX expression is initially broad and later
becomes a sharp ring covering the Wnt-1 and FGF8 expressing
domains, mirroring refinement of other isthmic genes. Its
expression domain is similar to that of Pax2 and En-1. Perhaps
LeX expression is promoted by Pax2 (as it is by Pax6 in cortex)
and helps stabilize Wnt-1 and FGF8 at the border, aiding
feedback programs. It would be interesting to examine LeX
expression in Pax2 and Pax2/Pax5 mutant mice.
Conclusion
In this study, we provide evidence that the trisaccharide LeX
is expressed by embryonic neural stem cells, demonstrating
continuity from pluripotent embryonic cells through to adult
neural stem cells (Capela and Temple, 2002) and adult bone
marrow stem cells (Jiang et al., 2002). These observations
indicate a critical role for this unique carbohydrate in stem cell
biology. Our finding that, in the mouse embryo, LeX expression
parallels that of FGF8 and Wnt-1 suggests that LeX might
participate in the inductive functions of these molecules.
Analysis of mice deficient in LeX synthesis will be important
to help clarify its role.
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